Abstract This study investigated the concentration of potentially toxic elements (PTEs) including Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, V, and Zn in 102 soils (in the Near and Far areas of the mine), 7 tailings, and 60 plant samples (shoots and roots of Artemisia sieberi and Zygophylum species) collected at the Gol-E-Gohar iron ore mine in Iran. The elemental concentrations in tailings and soil samples (in Near and Far areas) varied between 7.4 and 35.8 mg kg A number of physicochemical parameters and pollution index for soils were determined around the mine. Sequential extractions of tailings and soil samples indicated that Fe, Cr, and Co were the least mobile and that Mn, Zn, Cu, and As were potentially available for plants uptake. Similar to soil, the concentration of Al, As, Co, Cr, Cu, Fe, Mn, Mo, Ni, and Zn in plant samples decreased with the distance from the mining/ processing areas. Data on plants showed that metal concentrations in shoots usually exceeded those in roots and varied significantly between the two investigated species (Artemisia sieberi > Zygophylum). All the reported results suggest that the soil and plants near the iron ore mine are contaminated with PTEs and that they can be potentially dispersed in the environment via aerosol transport and deposition.
Introduction
In areas with mining and mineral processing of metal ores, pollution by potentially toxic elements (PTEs) (Bini and Bech 2014 ) is a significant issue owing to their transport to soils, biota, and water streams (Keshavarzi et al. 2012; Li et al. 2014; Soltani et al. 2014; Ma et al. 2016) . These elements in soils are non-biodegradable and extremely persistent in the environment (Boularbah et al. 2006; Liu et al. 2016 ), as they accumulate in soils, plants, and water streams leading to health risks for living beings (Clemente et al. 2007; Ji et al. 2013; Luo et al. 2014) . Waste tailings in particular are of concern, as they are often left without proper management and are characterized by high potential emissions and high contaminant concentrations (Rodríguez et al. 2009; Rashed 2010; Csavina et al. 2012) .
Studies focused on soil contamination near mines often do not consider downstream impacts on plants. Aside from inhalation of wind-blown soil particles, soil-to-plant transfer of trace metals is a pathway of human exposure to soil contamination (Cui et al. 2004; Chojnacka et al. 2005 ; Rattan et al.
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Electronic supplementary material The online version of this article (doi:10.1007/s11356-017-9342-5) contains supplementary material, which is available to authorized users. 2005 ). The accumulation of PTEs in plants also suppresses their production (Ryser and Sauder 2006) , and the overall growth and crop yield (Athar and Ahmad 2002) . The nature of metal transfer from soils to plants, which occurs via roots and shoots (e.g., Bi et al. 2009 ), depends on plant species and metal type (Alloway 1995) . To examine the fate of PTEs in a mining environment, such as the transfer from soils to plants, it is important to characterize the properties of soils and plants. For example, after accumulation of metallic elements in soil, several factors may influence the transfer of PTEs from the solid to the liquid soil phase, causing differences in the availability and toxicity of elements such as Cd, Cu, Mn, or Zn (Moreno-Jiménez et al. 2009 ). Such factors include total concentration of metals, specific geochemical form, and chemical speciation of metals, pH, electrical conductivity (EC), and soil organic matter (SOM) (Nyamangara 1998; Monterroso et al. 2014) . Of importance in the uptake of metals by biota is the quantification of the labile and bioavailable fraction of pollutants (Filgueiras et al. 2002b; Pueyo et al. 2008; Anju and Banerjee 2011; Anjos et al. 2012) , which is the fraction available to plants and soil microorganisms.
Sequential extraction procedures (SEPs) are operationally defined methodologies that are widely applied for obtaining quantitative information about both the distribution of PTEs among defined geochemical fractions and their mobility in sediments, soils, and waste materials (Guevara-Riba et al. 2004; Delgado et al. 2011) . The mobility, bioavailability, and eco-toxicity of metal/metalloids depend more on their chemical speciation rather than on their total content (Zhu et al. 2014) . A number of sequential extraction methods are used at present, and they may differ according to the type of reagent used, the experimental conditions applied, and the number of steps involved (e.g., Tessier et al. 1979; Gibson and Farmer 1986; Dold 2003) . One of the most common methods is the Bureau of Reference (BCR) sequential extraction scheme, a simple procedure that has been thoroughly tested by interlaboratory trials (Cappuyns et al. 2007) , which harmonize the various SEPs used for geomaterials (sediments, soil, and dust) analysis and which was proposed by the European Community BCR in 1992 (Uren 1992). A modified BCR sequential extraction procedure has been proposed by a group of expert laboratories within the framework of the Standards, Measurements, and Testing (SM&T) Programme of the European Commission to evaluate the potential mobility and the possible transfer of PTEs from contaminated materials to the surrounding environment (Ariza et al. 2000; Davidson et al. 2006; Rodríguez et al. 2009 ).
The goal of this study is to report a chemical characterization of soils, tailings, and plant matter from the Gol-E-Gohar (GEG) iron mine in Iran. This work builds on previous studies focused on soil and plant contamination at other mines in the region (Rastmanesh et al. 2010; Keshavarzi et al. 2012; Moore et al. 2016) . Mining at GEG began in 1993 with waste/tailings deposits dumped openly in the area surrounding the mine and leaving a legacy of waste rock piles, spoil heaps, and tailing ponds that caused a serious environmental damage. In addition, as a result of the scarcity of water in the region, a major concern is wind-blown dust, as has been documented at mines in other arid regions such as the southwestern USA (Sorooshian et al. 2012; Prabhakar et al. 2014) . The objectives of the field measurements include the following: (i) determine the total concentration of selected PTEs (Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, V, and Zn) in soils, tailings, and plants collected around mining and processing areas; and (ii) understand the phase partitioning behavior of selected metals and the ability of selected native plants to accumulate metals from contaminated soils.
Materials and methods

Description of the study area
The GEG mine is located in Southern Iran, in the Kerman Province, approximately 55 km southwest of Sirjan (29.1°N, 55.3°E, 1750 m ASL) ( Fig. 1 and S1 (Online Resource)). The facility consists of six separate ore bodies spread over 40 km 2 , a primary crusher (PC), a tail bin (TB), numerous tailing piles, a polycom plant (PLY), a hematite recovery plant (HRP), an iron ore concentration plant (ICP), and an iron ore pelletizing plant (IPP). This facility is one of the largest iron ore producers in the region with a total ore reserve of approximately 1135 million tons at a grade of about 57.2% Fe, 0.16% P, and 1.86% S (Monjezi et al. 2009; Nabatian et al. 2015; Hosseini and Asghari 2016) .
The Gol-E-Gohar mining and industrial company is capable of producing 14.8 million tons of iron ore concentrate and pellets each year. It employs approximately 3000 workers. Iron is extracted from the low-grade iron ore (mainly magnetite and hematite) by a long process of mining, crushing, separating, concentrating, mixing, pelletizing, and finally shipping for the blast furnace. Briefly, the crude iron ore is mined by detonation with a blasting agent, followed by delivery to large gyrator crushers where chunks as large as 1.5 m are reduced to 200 mm or less. The crushed material is transferred by belt to the concentrator building for grinding, separating, and concentrating. In the ICP plant, the ore is fed into semiautogenous grinding (SAG) mills, where the ore is reduced to 2 cm or less, then is delivered to a dry magnetic separator, which begins the process of separating the iron from the noniron material. The material continues to be finely ground in secondary ball mills (125-150 μm), then is moved to hydroseparators, where silica is floated off the top. Thus, the ore is Bconcentrated^by removing the waste materials. The product is then ready for mixing with the binding agent. In the IPP, a small amount of bentonite, limestone, NaOH, water, and iron concentrated sludge are used to help the iron ore concentrate to stick together when rolled into pellets. Iron ore concentrate is formed into soft pellets through a series of balling drums. Pellets are screened to meet the size specification (<5 mm). The soft pellets, correctly sized, are delivered to the traveling grate furnace for further drying and preheating at 1200-1500°C, then discharged into the revolving cooler. Pellets that meet the necessary standards are conveyed to the pellet stockpile. They are shipped to blast furnaces and steel mills, where they are turned into finished steel.
In terms of the geological backdrop of the study site, Paleozoic metamorphic rocks are found in this area, in addition to Mesozoic and Cenozoic sedimentary rocks and Quaternary alluvial materials (Mücke and Younessi 1994; Nabatian et al. 2015) . The Mesozoic sediments were deposited along a passive continental margin (Stocklin 1968; Berberian and King 1981; Alavi 2004) and subsequently large-scale Mesozoic plutons ranging from gabbro to granite, emplaced in about 160 ± 10 Ma by the K-Ar methods (Sheikholeslami et al. 2008) . The ore bodies show a strong deformation in parallel to the regional west-northwest structural trend. The regional lithologies at GEG record a clockwise metamorphic path subsequent to thrust deformation events during at least three main deformation phases D 1 , D 2 , and D 3 . Based on zircon sensitive high-resolution ion microprobe (SHRIMP) U-Pb and monazite chemical Th-U-total Pb isochron methods (CHIME), a regional metamorphic event occurred between 187 ± 2.6 Ma and 180 ± 21 Ma, respectively. The result of this deformation is a composite foliation between massive magnetite and dolomitic marble that occurred along of a wide ductile shear zone. The D 2 deformation is associated with overthrusting of the old units (e.g., ultramafic-mafic rocks) onto the GEG metacarbonate unit and the development of a mylonitic foliation in the various rocks units. D 3 represents an event leading to the development of kink bands, localized shear zones, and slickensides along the thrust sheet of GEG area (Sheikholeslami et al. 2008) .
The ore bodies are hosted by a Paleozoic metamorphic sequence of gneisses, quartz biotite schists, calc-schists, quartzites, amphibolites, marble, and dolomitic marble (Monjezi et al. 2009; Nabatian et al. 2015) . In the ore deposit, magnetite, pyrite, pyrrhotite, chalcopyrite, pentlandite, sphalerite, and minor apatite are the main ore minerals (Nabatian et al. 2015) . A range of sedimentary, volcanosedimentry, and metasomatic processes, as well as magmatism during intracontinental rifting activity have been proposed for the Fig. 1 Map showing the study site location at Gol-E-Gohar iron ore mine. Yellow, white, green, and dark blue markers in the right image represent the locations where soil (N, F, LBL) and tailing (T) samples were collected. Purple markers indicate where fallout dust (FD) samples were collected. T tailings, N near, F far, LBL local baseline, FD fallout dust, NMD nomads origin of the mine (Mücke and Golestaneh 1982; Heydari 2008) . The GEG iron ore is classified as iron oxide copper gold (IOCG) deposit (Williams et al. 2005) . The characteristics of the Fe-rich hosts as products of replacement, the distinctive geochemical signatures, alteration styles, and geochronological data all point to an epigenetic hydrothermal origin and classification as an IOCG deposit in the GEG area (Williams et al. 2005) .
The surroundings of the study site are desert areas with low anthropogenic influence. There are six communities of nomad owning great cattle and sheep herds who come to the area and camp in warm seasons (summer and spring). Figure 1 illustrates the possible position of these six nomads around the studied area. There are sporadic shrubs and steppes around the alluvial plain surrounding the mine. The lack of vegetative covering on the mine tailings and the tailings pile slopes cause instability of the material and allows wind and rain erosion to occur. Minor agricultural activities are to the west of the mine.
The study area is characterized by an arid climate receiving a mean annual precipitation of 134 mm based on data between 2010 and 2014 from the Meteorological Organization of Iran (I.R. of Iran Meteorological organization, IRIMO, Sirjan Synoptic weather station). The dry season lasts from May to October and is characterized by low precipitation. The mean annual temperature is 18.02°C with the highest being 40.32°C in July and the lowest being −9.54°C in December. The prevalent winds in the study region are southeasterly with a mean annual speed of 3 m s −1 and maximum speeds in August. As a result of hot and dry climate in the region and very low concentrations of SOM, soils exhibit a poorly developed layering.
Soil and tailing samples
About 109 surface soil and tailing samples were collected during two-field campaign intensive periods in the months of April 2013 and December 2014. The sampling sites in Fig. 1 are classified in three groups according to location and degree of contamination. The first group was taken close to the open pits and industrial plants with strong anthropogenic influences from iron ore mining and mineral processing (Near). The second group is located far from the industrial plants and open pits, at a development site for mining and facilities (Far). The third group consists of samples taken from tailing piles near the mine (Tailings). Figure S1 (Online Resource) shows a close-up of the Tailings and Near areas. Nine soil samples were also collected at 30-40 cm depth in the Far areas from locations with no mining and processing activities, which can be considered as unaffected soils or, at least, minimally affected by human activities. These soils were used as reference soil or control soil samples to estimate the PTE geochemical baseline concentrations (GBCs) and to calculate the geoaccumulation index (I geo ).
Each soil sample (nearly 1 kg, 29 samples from the Near and 64 sample from the Far area) consisted of a composite sample, prepared by mixing four subsamples taken at 0-20 cm on the edges and in the center of a 1-m 2 area, after removal of plant remains and humus layer according to Qin et al. (2014) .
Tailing samples (N = 7) were collected in tailing piles from waste materials generated during dry magnetic separation process using a stainless steel hand trowel. All soil and tailing samples were thoroughly mixed to ensure that the sample was representative of the whole sampled material and then transferred to the medical geology laboratory at Shiraz University. Samples were dried and then sieved through a 2-mm screen, to remove coarse materials. The fine soil fraction (<2 mm) was used for determining the physicochemical properties of soils (Alvarez et al. 2003; Basta and McGowen 2004; Abreu et al. 2012; Bech et al. 2012a; Bes et al. 2014) . The 2-mm fraction of the soil samples was stored in polyethylene bags in dark and dry conditions at room temperature for subsequent analysis. In addition to the surface soil and tailing samples, 10 Bfallout dust^samples were collected by brush swabbing across a clean non-porous collection surface with a 100-cm 2 surface area, which was placed at 1 m above ground level and washed with distilled water before sampling. These samples were collected inside ICP, PC, IPP, HRP, PLY, and near TB and the research and development center (in the Near area), and then analyzed using the same methods adopted for soil analysis.
A number of tests were carried out to characterize the sub-2 mm soil properties: (i) Soil grain size was determined using the hydrometer method (Gee et al. 1986 ). (ii) Soil mineralogy (N = 15) was assessed using semi quantitative X-ray diffraction analysis with PROFEX software (version 3.10.2; Döbelin and Kleeberg, Bettlach, Switzerland) (Dobran and Zagury 2006) and the Rietveld refinement kernel BGMN (version 4.2.22, Netherlands Energy Research Foundation ECN, Rietveld, Petten, The Netherlands). By using this method, clay mineral, mica, and chlorite structures are relatively easily identified (Meunier 2005; Asadi et al. 2013 ). X-ray diffraction patterns were collected using MPD 3000 multipurpose XR diffractometer (Italy, GNR Company). (iii) Acidity of the soil samples was determined by placing 50 g of sample in 50 ml distilled water followed by agitation for 10 min. The solution was left undisturbed for 30 min with occasional shaking before measuring the pH. A combined glass electrode connected to a pH-meter (Eutech instrument, Waterproof CyberScan PCD 650, Singapore) was used for pH measurements. (iv) EC was measured in 1:5 water extracts (w:v) with a conductivity-meter (Eutech instrument, Waterproof CyberScan PCD 650, Singapore) after 1 h of mechanical agitation, centrifugation, and filtration. (v) SOM content was determined by oxidation with potassium dichromate and colorimetric determination (Nelson et al. 1996) . (vi) Cation exchange capacity (CEC) was measured using ammonium acetate method after washing with alcohol (Kahr and Madsen 1995) . (vii) Total concentrations of PTEs were determined by using inductively coupled plasma mass spectrometry (ICP/ MS; model PerkinElmer EIAN 9000) at Acme Analytical Laboratories (Canada). Approximately 0.25 g of prepared samples (<63 μm) were heated in a concentrated HF-HNO 3 -HClO 4 mixture and taken to dryness. The residue was dissolved in mixture of three volumes of HCl (37%) and one volume of HNO 3 (67%), and the digested solution (after dilution in distilled water up to 25 ml) was subsequently analyzed by ICP/MS. (viii) The modified BCR sequential extraction scheme was used for metal fractionation analysis (Yan et al. 2010) . Trace element concentration in each fraction was determined by inductively coupled plasma-optical emission spectrometry (ICP-OES) (Agilent model 735, United States) at Zarazma Mineral Studies Company (Iran) in order to identify how the elements were distributed among the soil components. The detection limits for ICP-OES are as follows: 0.05 mg l −1 for As, Co, Cr, Cu, Ni, and Zn and 0.1 mg l
for Fe and Mn. QA/QC included the analysis of reagent blanks, analytical duplicates, and certified reference material (CRM) like multielement STD OREAS45e and OREAS45c and an internal standard STD DS9 for soil and STD CDV-1 and STD V16 for plant. The recovery rates for the considered metals in the OREAS were given on the standard certificate between 95 and 110%.
Plant samples
Plant samples were simultaneously collected with the soil samples at the same sites in Near and Far areas (Fig. 2) . No plants were present at the tailings dump. Sixty plant samples were collected from two abundant indigenous plant species (Artemisia sieberi and Zygophylum) that were common to all the areas where soil samples were collected. These two plants are also important as livestock feed and having been studied in other mines in the region. Plant samples were transferred immediately to the laboratory and carefully rinsed with tap water followed by distilled water to remove adhering materials and dried in a clean room at 25°C for 5 days. Roots and shoots were studied separately to obtain information about the species' ability to transfer metals. Dried plant tissues were powdered and repackaged in a plastic bag. The plant samples were examined for total metals concentration using the same method described above for soil samples.
Soil samples calculations
The term GBC is often used to express an expected range of element concentrations in soils; it is not generally a true baseline (BL) and is defined as 95% of the expected range of background concentration (Ramos-Miras et al. 2011) . Identification of the GBC of PTEs in the soil is important for assessing soil pollution (Albanese et al. 2007; Galán et al. 2008 ). Baseline concentrations of PTEs were calculated using the method proposed by Reimann et al. (2005) . The median ± 2MAD (median absolute deviation = median i (|X i − median j (X j )|) is better suited for the estimation of threshold values and the range of background data (Reimann et al. 2005; Tume et al. 2008; Teng et al. 2010 ) which was used previously (Esmaeili et al. 2014; Rastegari Mehr et al. 2016) . (|X i − median j (X j )|) is a measure of absolute difference between the observed value of a variable and the median of the data set. X i is the observed value of a variable or the data element. Median j (X j ) is the median of the data set. The median and MAD are inherently stable against outliers and deviations. In most cases, they give much more realistic values for location and spread (Reimann and Filzmoser 2000) . Because of the lognormal distribution of elements in geological materials (e.g., Salminen and Tarvainen 1997; Reimann et al. 2005) , it is assumed that the median (value at the 50th percentile of the background data) can serve as the soil geochemical baseline for each element, reflecting natural processes unaffected or diffusely affected by human activities (Galán et al. 2008 ). Prior to calculation, the KolmogorovSmirnov (K-S) test was conducted to check the concentration distributions of PTEs. The results of the K-S test indicate that PTE distributions are nearly normal.
The I geo , originally defined by Müller (1969) , has been used to evaluate the pollution level of PTEs in soils (Loska et al. 2004) , sediments (Shafie et al. 2013) , and tailings (Levei et al. 2013) . It can be calculated using:
where C n is the measured concentration of the metal ions in soil, B n is the geochemical background value (local baseline) of the corresponding metal, and the coefficient 1.5 is used to detect very small anthropogenic influences (Müller 1969) . According to Müller (1969) , the corresponding relationships between I geo and the pollution level are as follows: unpolluted (I geo ≤ 0), unpolluted to moderately polluted (0 < I geo ≤ 1), moderately polluted (1 < I geo ≤ 2), moderately to heavily polluted (2 < I geo ≤ 3), heavily polluted (3 < I geo ≤ 4), heavily to extremely polluted (4 < I geo ≤ 5), or extremely polluted (I geo > 5).
Plant sample calculations
Plant bioaccumulation factors (BAF) were determined by using the following equations:
where C PTE represents PTE concentration in either plants (shoot and root) or soil (Ma et al. 2001; Yoon et al. 2006 ).
The translocation factor (TF), the plant capacity to translocate PTEs, was calculated as follows:
which is the ratio of PTEs concentration in the plant shoot (C aerial ) to that in the root (C root ). This coefficient is used to evaluate the ability of plants to transfer PTEs from the roots to their aerial parts (Sun et al. 2008; Sun et al. 2009 ).
Statistical analysis
The experimental data were treated statistically using SPSS software (Version 19.0 for Windows). In order to avoid problems associated with normal/non-normal distribution, the K-S and Shapiro-Wilk tests were used for identification of data distribution. Most results exhibited a non-normal distribution and local baseline samples showed a normal distribution. Spearman's correlation coefficient analysis and principal component analysis (PCA) were used to determine the relationship among PTEs in soils and their possible sources. The KruskalWallis non-parametric tests were conducted to verify the significance of possible differences between PTE concentrations in soil and plant samples collected from different sites, with significance being established at the 5% level (i.e., p < 0.05) (Table S1 and S2 (Online Resource)). The Mann-Whitney U test was employed to examine the statistical significance of the differences in the mean concentrations of PTEs among different soil samples in Near and Far areas.
Results and discussion
Soils
Physicochemical properties
The physicochemical characteristics of the studied soils are categorized into three areas (Near, Far, and Tailings) where representative samples were collected at GEG ( . The total SOM contribution to total soil mass ranged from 0.07 to 1.52% (on mass basis), which is expectedly low as with soils in other desert regions (Pascual et al. 1997) ; therefore, SOM is expected to have a limited importance in governing trace element behavior in soils. The role of SOM in solubilization, transport, and adsorption/ coprecipitation processes of PTMs is reported by several authors (Halbach et al. 1980; Stevenson 1983; Thanabalasingam and Pickering 1985; Kabata-Pendias 2010) .
Based on cumulative data at the study site, the soil exhibited a clayey loam texture (i.e., 25.27% silt, 17.29% clay, and 57.43% sand).
Mineralogy
To understand the mineralogical nature of the soil at the study site, X-ray diffraction analysis was carried out for 15 representative samples (8 in Near, 6 in Far, 1 in Tailings). The results show that the soil minerals in the bulk soil were very similar in all the samples and consisted mainly of calcite, quartz, talc, albite, muscovite, clinochlore, microcline, magnetite, chlorite, and kaolinite with minor amounts of montmorillonite, pyrite, biotite, ferroactinolite, hematite, dolomite, gypsum, halite, and antigorite (Table S3 (Online Resource) ).
Semi-quantitative estimates of the mass percentage contribution of major minerals, reported as a range, are as follows: calcite (6.2-66.2%) > quartz (5.5-38.8%) > talc (12.3-38.4%) > albite (6.6-30.3%) > muscovite (1.8-25.2%) > chlorite (1.7-19.2%) > clinochlore (6.1-17.6%) > microcline (4.4-17.3%) > magnetite (8.5-12.8%) > kaolinite (3.3-9.6%).
Elemental concentrations
Data and statistics on PTE concentrations in tailings, soils, local baseline, and fallout dust are summarized in Table 2 . The K-S test indicated that the concentration of all elements in the local baseline were distributed normally, but the concentration profile of all PTEs, except Hg, in Tailings, soil in Near and Far areas, and fallout dust samples, exhibited non-normal distributions (p ≥ 0.05). In these samples, the concentrations of all trace and major elements (Al, Fe, and Mn) exhibited relatively high coefficients of variation (CV), suggesting that their inputs into soils in the study area derived from anthropogenic sources. The PTEs with mean and median concentrations exceeding the world soil average (Kabata-Pendias 2010) and local baseline, regardless of location at GEG, included As, Co, Cu, Fe, Mo, and Ni. On the other hand, the higher contents of some elements relative to world soil average such as Al, Cr, and Mn in deeper soil horizons (30-40 cm, used as local baseline samples) are probably due to primary minerals. The highest mean and median concentrations of Al and V were found in the Near category, but when comparing the maximum concentrations, also several other species were the highest in Near samples (As, Cr, Fe, Mo, and Zn). For the Tailings, mean, median, and maximum concentrations of Co, Cu, Mo, and Ni were the highest among all samples. Arsenic and Fe also showed the highest mean and median concentrations in Tailing samples. PTEs such as Al, Cd, Hg, Pb, and Sb exhibited low concentrations and were below the world soil average.
In the Far area, Cr, Mn, and Pb appeared significantly enhanced in concentration. The mean concentrations of Pb in Near and Far areas were 10.8 and 15.07 mg kg , respectively. The increased concentration of Mn in the Far area may result from the fact that during ore genesis (IOCG mineralization type), Mn, which has normally a high solubility, is transported laterally by hydrothermal fluids and then precipitated further up in the intrusion, or distal to it (Barnes 1997; Pirajno 2009 ). The Mann-Whitney test showed that there were significant differences between Mn and Pb concentrations in Near and Far areas. Chromium concentration in Near and Far areas did not exhibit significant differences. In the study area, metal/metalloid pollution in soil is derived mostly from natural iron ore mineralization and also atmospheric fallout generating during iron ore processing activities and tailing emission, resulting in elevated potential risks to human health and the local environment.
Elemental concentrations in fallout dust were almost of the same magnitude of those in the Tailings and Near categories 18804 Environ Sci Pollut Res (2017) 24:18798-18816 (Table 2) , thus providing support for contaminants being transported by dust and depositing around the mining facility. The high contents of As, Co, Cu, Fe, Mo, Ni, and V in Tailings and topsoil in the Near area in relation to those detected in the local baseline clearly indicate contamination by fallout dust coming from the ore processing plants and tailings piles. Liénard et al. (2014) concluded that severe contamination of topsoil by Cd, Cu, Pb, and Zn within a 3-km radius circle surrounding stacks of a former Zn-Pb ore treatment plant of the Sclaigneaux calaminary site in Belgium is probably driven by anthropogenic factors, specifically historical industrial activities and subsequent atmospheric deposition. Li et al. (2015) also reported that Pb/Zn smelting and resulting dust fallout have led to significant contamination of the local topsoil by Zn, Pb, Cd, As, Sb, and Hg in a town in Yunnan Province of China. Kříbek et al. (2014) indicated that high amounts of Zn, Pb, Mn, Cu, Cd, As, and Hg in topsoil close to the Pb-Zn Rosh Pinah mine in Namibia are a result of dust blown out from the tailings dam and the ore treatment plant.
Earlier studies have shown that distance from the source and meteorological factors play important roles in exposure to metals and metalloids. PTE concentrations in Near and Far areas showed that contaminant concentrations were highest near the mining and processing plants. For example, a study by Benin et al. (1999) showed that As, Pb, and Cd in roadside dust near Torreón (a nonferrous smelting and refining site in Mexico) decreased with distance and reached background values 1.5-2 km from the smelter. Taylor et al. (2010) determined that elevated concentrations of Cd, Cu, Pb, and Zn in soil around the mining area of Xstrata Mount Isa Mines in Queensland, Australia, were a consequence of mining emissions. Over sufficient time, large amounts of contaminants can be dispersed by wind, water, and anthropogenic activities (along trackways where mined ore are transported) and may result in large variations in concentrations both horizontally across an area and vertically through the soil profile. This consequently may lead to elevated potential risks to human health and the local environment.
Relationship between mineral and elemental composition of soil
Locally, mineralized bedrocks (ores) can contain high elemental concentrations, resulting in geogenic anomalies in soil (Alloway 2012) . In mining districts, mineralogy, natural distribution of elements, and chemical composition of soil are strongly controlled by the mineralization type and occurrence of ore and minerals in the region. According to the mineralogical study of GEG iron ore, the most important minerals include magnetite, pyrite, pyrrhotite, chalcopyrite, pentlandite, and sphalerite. Alteration minerals such as actinolite, olivine, hornblende, phlogopite, chlorite, and carbonates are associated with the Fe-oxide minerals (Nabatian et al. 2015) . Gol-E-Gohar mine is classified as IOCG type (Williams et al. 2005) . The IOCG-related magnetite-rich deposits are generally depleted in Cr and Mn relative to Fe (Kisvarsanyi and Proctor 1967; Frietsch 1978; Hauck 1990 ) and rich in a few elements like Co and Ni in small amounts, typically in pyrite, pyrrhotite, and locally, discrete Ni and Co sulfides that have been of economic interest (e.g., Mazdab 2001; Monteiro et al. 2008; Pal et al. 2009; Rusk et al. 2010; Slack et al. 2011 ). Geogenic Co is present in the divalent state (Co 2+ ) and is found primarily associated with ferromagnesian minerals where their respective divalent radii allow it to substitute readily for Fe(II) and Mg by isomorphous substitution (Goldschmidt 1958; Hooda 2010; Kabata-Pendias 2010) . Nickel is generally distributed with other elements, such as Co and Fe (Uren 1992). The ionic properties of Ni allow it to substitute for several alkaline and metallic cations, such as Mg, Al, Fe(II), Fe(III), Mn(II), Mn(III), and Cu, in primary minerals such as magnetite and biotite (Moore and Reynolds 1997; Gonnelli and Renella 2013) . Some Fe-bearing phases like magnetite, hematite, and epidote generally contains minor amounts of V, Co, As, and Ni (Barton 2013). In this type of deposit, magnetite compositions can be highly varied (Monteiro et al. 2008; Rusk et al. 2010; Xavier et al. 2012 ). Iron can occur in primary minerals in the form of crystalline Fe-oxide and ferromagnesium silicates (Krauskopf 1979) .
Besides, the most important anthropogenic source of contamination of soils and plant in mineralized area is the dust fallout from mining and processing operations and from dry parts of tailings piles and ponds. Fallout dust can disperse over a wide area and may negatively affect the soil and plant in the area surrounding the facility. Mineralogical studies of particulate matter generated by grinding of iron ore indicated that dominant minerals include magnetite, hematite, kaolinite, talc, tremolite, calcite, albite, pyrite, and actinolite and minor amounts of quartz, hematite, dioptase, biotite, sphalerite, albite, chalcopyrite, nimite, magnesiohornblende, and muscovite (Soltani et al. 2017) . The mineralogical study of 15 representative soil samples proved the presence of primary minerals such as crystalline Fe-oxide (magnetite and hematite) and ferromagnesian minerals (biotite, ferroactinolite, chlorite, antigorite, talc, and clinochlor). Therefore, a distinctive and broad suite of minor elements can be released from these minerals.
Index of soil pollution
In this work, the I geo has been applied to assess trace element enrichment and contamination in soils. Table 2 (Table 2) . Using the criteria defined by Müller (1969) in BSoil samples calculations^section, only Cu and Co qualify as being Bheavily polluted^(3 < I geo ≤ 4). Iron and molybdenum qualify as Bmoderately polluted^(1 < I geo ≤ 2), and As and Ni qualify as Bunpolluted to moderately polluted^(0 < I geo ≤ 1) in Tailing samples. The Near area can be qualified as unpolluted to moderately polluted for the above mentioned elements along with V. Far areas can be classified as Bunpolluted^for all the mentioned elements (I geo ≤ 0). For the rest of the elements, all samples fall in the category Bunpolluted^( Table 2) . Therefore, the I geo results suggest that several PTEs, especially Cu, Co, Fe, Mo, As, and Ni, in Tailings and partly in Near soil samples are affected by human activities (mining and mineral processing of iron ore).
Source of PTEs contamination in soil
To identify interrelationships and potential sources for the studied PTEs, correlation coefficient analysis and PCA were conducted (Table 3 ). The correlation coefficients showed that some elements such as As, Cu, Co, Fe, Mo, Ni, and V display strong positive correlations with each other at p < 0.01 and negative correlations with the rest of elements. This may be attributed to differences in their concentrations as well as to their geochemical behavior. With consideration to Table 2 , it is clear that the concentration of these elements decreases from Tailings and Near areas to Far areas. A significant positive correlation was also found between Al, Cd, Cr, Hg, Mn, Pb, Sb, and Zn (p < 0.01). These elements are not enriched in iron ore mine in the study region.
The results of PCA for PTEs are also shown in Table 4 . Three principal components (PC1, PC2, and PC3) with Eigen values higher than 1 were extracted. The three PCs Table 3 Correlation coefficient (r value) between PTE concentrations in BTailings^and soil samples (N = 100). *significant at 95% based on twotailed student's t test, **significant at 99% cumulatively accounted for 69.0% of the total variation within the variables. The first principal component (PC1) mainly included PTEs such as As, Co, Cu, Fe, Mo, Ni, and V. The PTEs in the PC1 were strongly correlated with each other. PC2 explained 16.6% of the total variance and has significant loadings for Al, Cr, Mn, and Sb, which are significantly correlated with each other except for Sb in Table 3 : Al-Cr (r = 0.810, p < 0.01), Al-Mn (r = 0.498, p < 0.01), and MnCr (r = 0.613, p < 0.01). PC3 is the weakest, explaining only 9.6% of the total variance and with its highest loading being for Cd, Hg, Pb, and Zn. Zinc and Pb have also similar geochemical characteristics.
Al
The results from the multivariate statistical analysis are consistent with the soil pollution index (I geo ) of PTEs in that some elements such as As, Co, Cu, Fe, Mo, Ni, and V originate from the same natural mineralization of iron ore in the region and also from the same anthropogenic sources such as mining and processing activities (facility emissions) and improper disposal of waste and tailings. The range and mean concentrations of Al, Cd, Cr, Hg, Mn, Pb, Sb, and Zn are low (with Bunpolluted^I geo degree) providing more support that their distribution probably was not affected by mineralization and anthropogenic activities (mining and processing).
Phase partitioning of metals
A modified BCR sequential chemical extraction was carried out in order to identify the distribution of PTEs (As, Co, Cr, Cu, Fe, Mn, Ni, and Zn) in different geochemical soil fractions for 12 samples (6 in Near, 4 in Far, 2 in Tailings) (Fig. 3 , Table S4 (Online Resource)), the mean of which will be reported in the subsequent discussion.
The acid extractable/exchangeable fraction (F1; e.g., carbonates) includes weakly adsorbed metals retained on the solid surface by relatively weak electrostatic interaction (Filgueiras et al. 2002a ) and metals that can be released most readily into the environment by ion-exchange processes (Stone and Droppo 1996; Rodríguez et al. 2009 ). As the most reactive fraction, the acid-soluble fraction should be considered with more attention owing to its higher potential availability to ecosystems. Metals corresponding to the exchangeable fraction usually represent a small portion of the total Fig. 3 Percentage of As, Co, Cr, Cu, Fe, Mn, Ni, and Zn extracted in each step of the sequential extraction procedure. Fraction 1: exchangeable and associated with carbonates; Fraction 2: associated with easily and moderately reducible iron and manganese oxyhydroxides; Fraction 3: associated with SOM and sulfides; Fraction 4: aqua-regia extractable residual fraction. Locations: 1 and 2 in Tailings (T); 3, 4, 5, 6, 7, and 8 in Near area of the mine (N); 9, 10, 11, and 12 in Far area of the mine (F) metal content in soil (Hall et al. 1996; Rauret 1998 ). Therefore, not surprisingly, the percentage of the metals in F1 of the GEG examined soils was very low and followed this order: Mn > Zn > Cu > As > Ni > Cr > Co > Fe. It is visible from Fig. 3 that in most samples, Mn was present at higher percentages (with an average of 15.34%) in the acid-soluble fractions (the most labile fraction), suggesting that Mn is more mobile and potentially more bioavailable in soil. The relatively higher percentage of Mn in the weakly bound fraction was probably due to its special affinity for carbonate (Nemati et al. 2009; Qiao et al. 2013; Liu et al. 2015) . Soils from the studied area contained variable amounts of carbonate minerals, specially calcite and dolomite (as indicated by XRD analysis). Carbonate can be an important adsorbent for many metals when SOM and Fe-Mn oxides are less abundant in the environment (Stone and Droppo 1996) . Unlike Mn, among the elements analyzed, Fe was the least mobile in soil with the lowest percentage (0.04-0.74%) in the acid-soluble fraction. These results indicate that Fe had the strongest association to soil.
The largest percentages of the easily reducible fraction (F2; e.g., amorphous iron/manganese oxides and hydroxides) were observed for Mn, Zn, As, Cu, Ni, and Co: 34.39, 32.29, 29.07, 22.96, 20 .51, and 20.00%, respectively (Fig. 3) ; the lowest were observed for Cr and Fe: 12.35 and 6.68%, respectively. Fe-Mn oxides play an important role in the fixation of metals, especially Zn, As, and Cu. The high affinity of Cu for these oxides was previously suggested by Cerqueira et al. (2011 ), Vega et al. (2010 , and Arenas-Lago et al. (2014) . These oxides are wellknown Bsinks^in the surface environment for PTEs and are thermodynamically unstable under anoxic conditions (Anju and Banerjee 2010) . In the present study, Mn and Zn were the PTEs mostly extracted in the first and second steps (about 49.73 and 40.80%, respectively) in all 12 samples.
Iron and Cr in most samples were present at lower percentages (3.6-15.67% and 6.36-20.00% for Fe and Cr, respectively) in F2 fraction reflecting that Fe and Cr were the least mobile in the soils from GEG mine. Iron and Cr are usually found associated with clay minerals such as smectite, montmorillonite, illite, and vermiculite rather than in Fe oxides and hydroxides in soils and sediments (Sposito 1983) . In addition, the availability of Fe is related to pH and oxidizing-reducing conditions of soil (Siegel 2005) . Iron is immobile in different conditions of pH (oxidizing environment, pH < 4 and pH = 5-8) and Eh (reducing environment) because of its low equilibrium constant (k eq < 0.1) (Levinson 1974; Rose et al. 1979) . Therefore, it is concluded that Fe and Cr are the least mobile elements in the study area. Chao and Zhou (1983) showed that after certain reaction time, 30-60 min in 0.25 mol l −1 hydroxylamine hydrochloride (NH 2 OH.HCl) and 0.25 mol l −1 HCl at 70°, hydrous iron/manganese oxides and minor crystalline Fe oxides (<1% of the total iron) except for magnetite (ca. 2%) dissolve from soil and sediment. Therefore, Fe in GEG soils is probably present as crystalline Fe oxides like magnetite, which are not extractable in this step. The highest percentages of metals associated with the oxidizable fraction (F3; e.g., SOM and sulfides) were observed for As (25.90%), Ni (16.00%), Co (14.46%), and Cu (13.81). It has been found that the percentages of all the elements bound to this fraction are in general lower than those associated with the Fe/Mn oxides, thus suggesting a lower contribution of SOM and sulfides to the speciation of these elements. The dissolution of SOM and sulfides under oxidizing conditions can lead to the release of PTEs bound to these components (Filgueiras et al. 2002a) . Such changes may occur for example during the oxidation of metal sulfides, specifically in a base-metal mining area rich in sulfide ores (Anju and Banerjee 2010) . Since the SOM content of the investigated soils is very low, probably these PTEs could be associated with sulfides rather than to SOM. In fact, previous mineralogical studies revealed the presence of sulfide minerals, especially pyrite, chalcopyrite, pyrrhotite, pentlandite, and sphalerite in GEG iron ore (Nabatian et al. 2015; Soltani et al. 2017) .
The residual (e.g., silicate bound metals) fraction (F4) exhibited high percentages for Fe (88.30%), Cr (74.80%), Co (61.50%), Ni (58.75%), Cu (56.75%), and Zn (53.65%). In this fraction, metals have the strongest associations with the crystalline structures of the minerals and are therefore the most difficult to extract and hardly escape from the restriction of crystal lattice (Tessier et al. 1979; Anju and Banerjee 2010; Liu et al. 2015; Sipos et al. 2016) . The high percentage (>50%) of Fe, Cr, Co, Ni, Cu, and Zn in the residual fraction suggests that a large amount of these elements derives from geogenic sources (iron ore mineralization in the area). Tessier et al. (1979) suggested that metal/metalloid concentrations in the residual fraction of soils or sediments may be indicative of background metal levels.
This also suggests that under changing environmental conditions, these metals in soil samples are scarcely bioavailable, as they are considered to be stabilized within the mineral matrix, as it has been previously reported (Li et al. 1995; Maiz et al. 1997; Nemati et al. 2009; Osakwe 2013) . Osakwe (2013) demonstrated that the residual fraction containing Fe, Ni, and Cr content (an average of 74.43, 70.11, and 64.47%, respectively) constituted the predominant species of these metals in a soil from southeastern Nigeria contaminated with PTEs as a result of anthropogenic activities such as agriculture, building construction, and urbanization. Arenas-Lago et al. (2014) reported that Cr and Ni are strongly retained in the residual fraction and fixed in soils contaminated by mining activities at the Touro copper mine in Spain, and their mobility is limited. Chai et al. (2015) also reported that Cr and Ni were dominant in the residual fraction in grassland soils from the Baicheng-Songyuan area, China. García-Ordiales et al. (2016) found that Co, Cr, and Ni exhibited high contents in the residual fraction, supporting the hypothesis that these elements are lithogenic and probably associated with stable silicates or sulfide minerals.
Iron is a major element in soil with a median value of 2.1% (Rose et al. 1979) . It is present mostly as Fe 2+ in ferromagnesian silicates or rock forming minerals, including olivine, pyroxene, amphibole and mica (specially biotite), and as Fe 3+ in iron oxides and hydroxides, as a result of weathering. It has both lithophile and chalcophile properties due to its low electronegativity (E = 1.8) (Goldschmidt 1937; Krauskopf 1979) , forming several common minerals, including pyrite FeS 2 , magnetite Fe 3 O 4 , hematite Fe 2 O 3 , and siderite FeCO 3 (Zumdahl and DeCoste 2014) . Iron is relatively immobile under most environmental conditions and generally has a very low bioavailability in soil (Hooda 2010) , mainly due to the very low solubility of iron (III) hydroxide in its various forms. Chromium also was predominantly bound to the residual fraction, which may be linked to the preferential incorporation of Cr into the lattice of silicates and primary oxides minerals (Vithanage et al. 2014; Arenas-Lago et al. 2016) . Chromium in soil is strongly retained by the solid phases and is generally poorly soluble and not mobile owing to its ionic properties (oxidation state and redox potential) (Alloway 2012) . Therefore, the high amount of Fe and Cr in the residual and aqua-regia non-soluble fraction suggests that, in the studied soils, they are primarily associated to silicates and oxides (especially magnetite).
In summary, in most of the cases, the residual fraction of the studied soils contains the highest proportion of PTEs. However, although the highest content of PTEs is in fractions with limited mobility, care must be taken, since the various environmental conditions of the soils may cause their displacement to more mobile fractions, thereby increasing their mobility and availability. The mobility and toxicity of PTEs in soil depend largely on their speciation. Mobility factor (MF) is commonly used to determine element mobility, which is calculated using the species fraction of element by the following equation (Kabala and Singh 2001; Achiba et al. 2010; KabataPendias 2010) :
The mean MFs for Mn, Zn, Cu, As, Ni, Cr, Co, and Fe in 12 representative soil and tailing samples were 20. 94, 17.16, 8.85, 6.1, 5.87, 4.05, 2.95, and 0.22, respectively (Table S4 (Online Resource)). This indicates that Mn, Zn, Cu, and As are the most likely to be taken up by plants and living organisms. Chromium, Co, and Fe can be regarded as the most stable PTEs due to their low MFs.
Plants
Elemental concentrations
A summary of PTE concentrations in the selected two plant species grown in the vicinity of GEG mine in Near and Far areas (Artemisia sieberi and Zygophylum) is shown in Table 5 . Shoot and root concentrations are reported for Artemisia sieberi, while only shoot concentrations are shown for Zygophylum due to the difficulty to get root samples. The Kruskal-Wallis statistical test revealed that PTE concentrations exhibited significant differences for all the studied elements except for V (Table S2 (Online Resource)). The mean concentrations of As, Co, Cu, Fe, Ni, and Zn in aerial parts (i.e., shoots) of the Artemisia sieberi in the Near category were 1. 54, 2.79, 31.7, 6764.29, 7.45, and 64.95 (Alloway 1995; Adriano 2013 ). Table 5 shows that As, Al, Cu, Fe, Co, Cr, Mn, Mo, Sb, Ni, Pb, and Zn content in Artemisia sieberi is higher than in Zygophylum. These data therefore suggest that the two plants have different capacities for metal uptake. Since Artemisia sieberi and Zygophylum are used as forage, PTEs can be transferred ultimately to animals and humans. Nomads generally spend the spring and summer in settlements in the area, and their cattle and sheep herds graze Artemisia sieberi and Zygophylum leaves, so they are potentially at risk of PTEs exposure through the food chain.
Bioaccumulation factor (BAF) and translocation factor (TF)
The ability of plants to accumulate metals from contaminated soils was quantified using the BAF (Table 6) , which is an indicator of the relative metal bioavailability from soils to plants (Alloway et al. 1988) . Plants with BAF shoots values >1 are accumulators, while plants with BAF shoots ˂ 1 are excluders (Baker 1981) . Additionally, plants are classified as BAF values vary for each element due to the different solubility of the metal species in soils governing their bioavailability to plants. The ratio is also different between plant species. Artemisia sieberi exhibited BAF shoots values ˂ 1 for all elements except for Mn (1.55) and Cd (1.34), indicating that this plant is an accumulator for Mn and Cd. The BAF shoots values for Artemisia sieberi were as follows, in decreasing order: Mn > Cd > Cu > Cr > Hg > Sb > Co-Pb > V > Al > As > Fe > Ni > Zn > Mo. The BAF shoots values for Zygophylum were ˂1 for all elements except for Cd (1.65) and were ranked as follows: Cd > Hg > Mo > Cr > Cu-Zn-Sb > Pb > Mn > Ni-V > Fe-Co > AlAs.
BAF roots values for Artemisia sieberi were all below 1, suggesting a low efficacy in the phytostabilization of metals in contaminated soils. The order of average BAF roots for Artemisia sieberi is Mn > Cd > Pb > Cr > Hg > Co > Cu > Ni > V > As > Al-Fe-Mo-Sb-Zn.
Values in Table 6 for the TF, i.e., the ratio of root to shoot metal content, serve as an indicator of metal transport inside plants, specifically for Artemisia sieberi in this study. Plants with TF values >1 are classified as high-efficiency plants for metal translocation from roots to shoots (Ma et al. 2001) . The results revealed that TF exceeded 1 for all metals except Cd, with the following order: Fe > Mo > Mn > Al > Zn > Hg > Sb > Ni > Co > Cu > As > Cr > Pb > V > Cd. The larger TF (>1) for these elements may imply a strong transfer capacity for Artemisia sieberi, further supporting that it is a metal accumulator species.
Conclusions
This study characterized PTEs pollution in soils and plants around Gol-E-Gohar mine. The main conclusions are as follows:
(i) Elevated concentrations of As, Co, Cu, Fe, and Ni were found in tailings and surface soils around the mine and ore processing plants. Geoaccumulation index values show that some elements such as As, Co, Cu, Fe, and Ni had a I geo > 1 in the Tailings and Near areas. The highest recorded concentrations of these elements were in tailing samples. For most elements, concentrations in plant samples decreased with distance away from mining and iron ore processing areas. (ii) Sequential extraction data showed that the major proportion of most studied elements were associated with the residual fraction, reflecting their low bioavailability. Furthermore, MFs for Mn, Zn, Cu, and As indicated that these elements are the most likely to be taken up by plants and living organisms. Chromium, Co, and Fe can be regarded as the most stable PTEs due to their low MFs. The results of this work have implications for regional air quality and ecosystem health. The soil material is blown in the air and transported in the atmosphere to downwind areas and can affect public health. Also, plant species contaminated with PTEs are used as livestock feed, which may result in PTEs bioaccumulation in living beings feeding on such livestock. Further research is warranted to assess PTE concentrations and distribution in different animal tissues (kidney, hearth, liver, and muscle) and their milk; such results are important in the context of effects on humans after consumption. The region around the GEG mine, and other mines in other regions, require effective measures to reduce toxic metal contamination in soils and plants. For example, practices such as minimizing overgrazing, defining restricted areas for pasture, and grazing in the vicinity of mining sites, and the restoration, rehabilitation, and aftercare of mining sites for pasture and grazing are suggested to reduce PTE levels in livestock. 
